E3 ubiquitin ligase complexes of the SCF type consist of ring-box 1 (Rbx1), cullin 1 (Cul1), S-phase kinase-associated protein 1 (Skp1), and a member of the F-box family of proteins. The identity of the F-box protein determines the substrate specificity of the complex. The Fbox family member F-box-and WD repeat domain-containing 7 (Fbxw7; also known as Fbw7, SEL-10, hCdc4, and hAgo) targets for degradation proteins with wide-ranging functions, and uncovering its in vivo role has been difficult, because Fbxw7 -/-embryos die in utero. Using two different Cre-loxP systems (Mx1-Cre and Alb-Cre), we generated mice with liver-specific null mutations of Fbxw7. Hepatic ablation of Fbxw7 resulted in hepatomegaly and steatohepatitis, with massive deposition of triglyceride, a phenotype similar to that observed in humans with nonalcoholic steatohepatitis. Both cell proliferation and the abundance of Fbxw7 substrates were increased in the Fbxw7-deficient liver. Longterm Fbxw7 deficiency resulted in marked proliferation of the biliary system and the development of hamartomas. Fbxw7 deficiency also skewed the differentiation of liver stem cells toward the cholangiocyte lineage rather than the hepatocyte lineage in vitro. This bias was corrected by additional loss of the Notch cofactor RBP-J, suggesting that Notch accumulation triggered the abnormal proliferation of the biliary system. Together, our results suggest that Fbxw7 plays key roles, regulating lipogenesis and cell proliferation and differentiation in the […] Research Article Hepatology
Introduction
The abundance of cellular proteins is regulated in a coordinated manner at the levels of their synthesis and degradation. In particular, intracellular proteolysis is thought to be subject to highly specific regulation. The ubiquitin-proteasome system is responsible for such specific degradation of proteins, with ubiquitylation playing the regulatory role in this process. Ubiquitylation of target proteins is mediated by the sequential action of 3 enzymes: a ubiquitin-activating enzyme (E1), a ubiquitin-conjugating enzyme (E2), and a ubiquitin ligase (E3). The ubiquitylated substrates are then selectively recognized and degraded by the 26S proteasome (1). Uncontrolled proteolysis is implicated in dysregulation of cell proliferation and aberrant cell differentiation and is thought to underlie many human malignancies (2) .
F-box proteins determine the substrate specificity of the SCF-type E3 complex, which consists of the RING-finger protein ring-box 1 (Rbx1; also known as Roc1 and Hrt1), the scaffold protein cullin 1 (Cul1), and the adaptor protein S-phase kinase-associated protein 1 (Skp1) in addition to an F-box protein (2) (3) (4) . F-box-and WD repeat domain-containing 7 (Fbxw7; also known as Fbw7, SEL-10, hCdc4, and hAgo) is a member of the F-box protein family that was initially identified as a negative regulator of LIN-12-mediated (Notchmediated) signaling in Caenorhabditis elegans by genetic analysis (5, 6) . Fbxw7 also interacts with Notch family proteins and promotes their ubiquitin-dependent turnover in mammalian cells (5, 7, 8) .
Furthermore, it targets for degradation various mammalian proteins that control cell cycle progression (2, 4) , including cyclin E (9-11), c-Myc (12, 13) , and c-Jun (14, 15) , as well as other proteins that do not contribute directly to cell cycle control, such as SREBPs (16) (17) (18) , mammalian target of rapamycin (mTOR) (19) , and PPAR-γ coactivator-1α (PGC-1α) (20) .
Given its ability to promote degradation of cyclin E, c-Myc, c-Jun, and Notch, all of which are products of proto-oncogenes, Fbxw7 was expected to function as an oncosuppressor protein. Indeed, mutations in the Fbxw7 gene have been detected in many types of human malignancy, including cholangiocarcinoma and T cell acute lymphoblastic leukemia as well as pancreatic, gastric, colorectal, prostate, and endometrial cancer (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) . The study of Fbxw7 is thus important not only from the point of view of basic biology but also from the medical standpoint.
To analyze the functions of Fbxw7 in vivo, we and others have generated Fbxw7-deficient mice. However, Fbxw7 -/-embryos were found to die in utero at E10.5, manifesting marked abnormalities in vascular development as a result of dysregulation of Notch signaling (32, 33) . To avoid this early embryonic mortality, we have established mice in which Fbxw7 is conditionally disrupted in T cells (34) or in hematopoietic stem cells (35) , and we have also examined the effects of Fbxw7 ablation in mouse embryonic fibroblasts (36) . The loss of Fbxw7 in immature T cells results in the failure of these cells to exit the cell cycle, leading to thymic hyperplasia and the subsequent development of lymphoma. Among known targets of Fbxw7, only c-Myc and Notch accumulated in the Fbxw7-deficient thymocytes, and c-Myc accumulation was found to be primarily responsible for the hyperproliferation phenotype. In contrast to that in immature T cells, the accumulation of c-Myc apparent in Fbxw7-null mature T cells induced expression of p53, which in turn led to cell cycle arrest and apoptosis. Furthermore, we found that Fbxw7 contributes to the long-term maintenance of hematopoietic stem cells. Most of the phenotypes of Fbxw7 deficiency in these conditional mouse mutants are related to cell proliferation or death and appear to be attributable to deregulation of c-Myc and Notch. Although Fbxw7 targets many substrates that do not participate directly in cell cycle control for degradation, the physiological roles of Fbxw7-mediated degradation of such targets have been largely unclear.
We have now examined the consequences of Fbxw7 deficiency in the liver. Unexpectedly, the major phenotypes associated with such deficiency were abnormalities in lipid metabolism and cell differentiation, which differ markedly from those in hematopoietic cell lineages and fibroblasts, in which Fbxw7 contributes primarily to the control of cell proliferation and apoptosis. We thus propose that Fbxw7 targets different groups of proteins for ubiquitin-dependent degradation and thereby contributes to distinct biological functions in a tissue-specific manner.
Results

Conditional inactivation of Fbxw7 in the liver by 2 Cre-loxP systems.
We generated mice harboring floxed Fbxw7 alleles (referred to herein as Fbxw7 F/F mice) in which exon 5 (which encodes the F-box domain) is flanked by loxP sites (34) . To ablate Fbxw7 in the liver, we crossed these Fbxw7 F/F mice with mice harboring a Cre transgene under the control of the promoter for the myxovirus resistance 1 (Mx1) or albumin (Alb) genes (Mx1-Cre or Alb-Cre mice). We confirmed that almost all floxed alleles were inactivated by Cre recombinase in the livers of Alb-Cre/Fbxw7 F/F mice as well as in those of Mx1-Cre/Fbxw7 F/F mice at 3 weeks after the last of 3 i.p. injections of poly(I)-poly(C) (pIpC) to activate the Mx1 gene promoter ( Figure  1A ). For subsequent experiments, we examined the effects of shortor long-term Fbxw7 deficiency in Mx1-Cre/Fbxw7 F/F mice and those of long-term a priori deficiency in Alb-Cre/Fbxw7 F/F mice.
Massive lipid deposition and nonalcoholic steatohepatitis-like lesions in the Fbxw7-deficient liver. Mx1-Cre/Fbxw7 F/F mice at 8 weeks of age were subjected to i.p. injection of pIpC every other day for 3 days to activate the Mx1 gene promoter. At 3 weeks after the last injection of pIpC, the livers of these mice were enlarged and lighter in color compared with those of control animals ( Figure 1B) . The liver-tobody weight ratio of these Mx1-Cre/Fbxw7 F/F mice was increased by approximately 30% relative to that of control mice ( Figure 1C ). Histological examination revealed that the nuclei of cells in the enlarged liver remained centrally located, whereas the corresponding cytoplasm was only weakly eosinophilic and contained numerous microvesicular vacuoles ( , and serum levels of aspartate aminotransferase (AST) and alanine aminotransferase (ALT) were significantly increased ( Figure 1R ) in Alb-Cre/Fbxw7 F/F mice at 50 weeks of age. The serum level of bilirubin tended to be higher in the mutant animals than in age-matched controls, suggestive of the destruction of liver tissue in the mutant mice, although this difference was not statistically significant (Supplemental Figure 1; supplemental material available online with this article; doi:10.1172/JCI40725DS1). The onset of inflammatory changes occurred later than that of steatosis, but feeding Mx1-Cre/Fbxw7 F/F mice a methionine-and choline-deficient (MCD) diet resulted in acceleration of inflammation ( Figure  2A ). The extents of steatosis and hepatitis were less pronounced in Alb-Cre/Fbxw7 F/F mice than in Mx1-Cre/Fbxw7 F/F mice subjected to acute ablation of Fbxw7, probably as a result of compensatory mechanisms operative during development in the former animals. However, massive steatosis and inflammation were also apparent in Alb-Cre/Fbxw7 F/F mice fed the MCD diet, whereas control animals did not show such marked changes ( Figure 2B ). These results suggested that Alb-Cre/Fbxw7 F/F mice are also more sensitive to steatohepatitis than are controls. The histological findings in both types of Fbxw7-deficient mice are highly similar to those associated with nonalcoholic steatohepatitis (NASH) in humans (37) .
Expression of adipogenic and lipogenic genes in the Fbxw7-deficient liver. We next determined lipid concentrations in liver extracts. Triglyceride levels were significantly increased in the livers of Mx1-Cre/Fbxw7 F/F mice compared with those in control animals at 3 weeks after the final pIpC injection, whereas the concentration of total cholesterol was not affected in the mutant livers ( Figure 3A) . Given that triglyceride synthesis is regulated predominantly by transcriptional activators, such as SREBPs, carbohydrate response element-binding protein (ChREBP), and PPAR-γ, we examined the expression of these proteins and their downstream targets in the liver. Immunoblot analysis revealed that the abundance of nuclear SREBP1, which is the major SREBP in the liver and a target of Fbxw7-mediated proteolysis (16, 17) , was increased both in pIpCinjected Mx1-Cre/Fbxw7 F/F mice and in Alb-Cre/Fbxw7 F/F mice (Figure 3B and Supplemental Figure 2 ). The intensity of the more slowly migrating band, likely corresponding to the phosphorylated form of SREBP1, was especially increased, consistent with the previous observation that the phosphorylated forms of SREBPs are targeted by Fbxw7 (16) (17) (18) , as is generally the case for Fbxw7 substrates (11, 34) . In contrast, the amounts of ChREBP and PPAR-γ were decreased in the mutant mice compared with those in control animals, suggestive of the operation of a negative feedback loop triggered by triglyceride accumulation. Consistent with this notion, the abundance of Pparg mRNA in the liver was increased in SREBP cleavage-activating protein-deficient mice, in which the SREBP pathway is inactivated (38) . The levels of PGC-1α and mTOR (total or phosphorylated forms) were unaffected by hepatic deletion of Fbxw7.
RT and real-time PCR analysis revealed that the abundance of mRNAs for the adipogenic and lipogenic transcriptional activators SREBP1c, ChREBP, and Pparg was decreased in the Fbxw7-deficient liver ( Figure 3C ), suggesting that the transcription of these genes is suppressed by a negative feedback loop triggered by the high level of triglyceride. At the protein level, the precursor form of SREBP1 was reduced, probably as a result of the decrease in the abundance of its mRNA, whereas the mature cleaved form was increased (Supplemental Figure 3 ). Among the downstream targets of SREBPs, the amounts of mRNAs for fatty acid synthase (Fas) and stearoylCoA desaturase-1 (Scd1) were increased, whereas those for the LDL receptor (Ldlr) and HMG-CoA synthase (Hmgcs1) were decreased, in the mutant liver ( Figure 3C ). Immunostaining also showed that SREBP1 accumulated in the region around the central veins ( Figure 3D ), corresponding to the area of lipid deposition, even though deletion of Fbxw7 appears to occur throughout almost the entire liver. The expression of SCD-1 was also increased in the region around the central veins in which SREBP1 was upregulated ( Figure 3E ). Collectively, these results suggested that the accumulation of SREBP proteins as a result of Fbxw7 ablation results in triglyceride deposition in the liver, which in turn affects the expression of other adipogenic and lipogenic genes as well as their downstream targets via a negative feedback loop.
Increased proliferation of Fbxw7-deficient hepatocytes. We compared the abundance of cyclin E and c-Myc between the livers of Mx1-Cre/Fbxw7 +/F and Mx1-Cre/Fbxw7 F/F mice at 3 or 50 weeks after the final pIpC injection, beginning at 8 weeks of age. Immunoblot analysis revealed that the amount of cyclin E in the livers of Mx1-Cre/Fbxw7 F/F mice was increased compared with that in Mx1-Cre/ Fbxw7 +/F mice at 3 weeks after pIpC injection but not at 50 weeks ( Figure 4A ). The abundance of c-Myc was not affected by the loss of Fbxw7 in the liver, at either 3 or 50 weeks after injection. To measure the rate of hepatocyte proliferation, we subjected Mx1-Cre/Fbxw7 +/F and Mx1-Cre/Fbxw7 F/F mice to i.p. injection with BrdU for 3 consecutive days, beginning at 3 or 50 weeks after the final pIpC injection. Immunostaining of the liver with antibodies to BrdU at 1 day after the last BrdU injection revealed that the rate of BrdU incorporation was markedly increased in Fbxw7-deficient liver cells compared with that in control cells ( Figure 4B) . Most of the BrdU-positive cells were also reactive with antibodies to albumin but not with those to cytokeratin 19 (CK19) at 3 weeks after pIpC injection ( Figure 4C ), suggesting that the proliferating cells are predominantly hepatocytes. In contrast, at 50 weeks after pIpC injection, both hepatocytes and cholangiocytes in Mx1-Cre/Fbxw7 F/F mice incorporated BrdU to a greater extent than did those in control mice. The TUNEL assay revealed that the frequency of apoptosis was also increased in the Fbxw7-deficient liver at 3 weeks after pIpC injection (Figure 4 , D and E), suggesting that the loss of Fbxw7 transiently promotes cell cycle progression but eventually results in apoptosis in the liver, as it does in T lymphocytes (34) .
Development of hamartomas with hyperproliferation of the biliary system in the Fbxw7-deficient liver. We next examined in more detail the long-term effects of Fbxw7 loss in the liver. Macroscopic examination of Mx1-Cre/Fbxw7 F/F mice at 50 weeks after pIpC injection at 8 weeks of age revealed that the mutant liver was enlarged and darker in color compared with the control liver and possessed a rough surface as a result of the presence of several nodules (Figure 5A) . We confirmed that the Fbxw7 gene was deleted in such nodules ( Figure 5B), which were grossly demarcated and readily excised from the liver. Histological examination revealed structural abnormalities characterized by marked dilation of intrahepatic bile ducts as well as apparent proliferation of the biliary system ( Figure 5 , C-F); these abnormalities were pathologically diagnosed as hamartomas. Such lesions were also observed, albeit to a lesser extent, in Alb-Cre/Fbxw7 F/F mice at as early as 12 weeks of age (Figure 5, G and H) . Hamartomas, which are reactive with antibodies to CK19 ( Figure 5 , I and J), developed in all mutant mice of both genotypes examined (n = 14). These results suggested that the loss of Fbxw7 may promote proliferation of the biliary system and shift the development of hepatic stem cells toward the cholangiocyte lineage rather than the hepatocyte lineage.
We examined the abundance of mRNAs for Alb ( Figure 5K ) and CK19 ( Figure 5L ) as markers of hepatocyte and cholangiocyte lineages, respectively. The amount of CK19 mRNA in the liver was increased as early as 2 weeks after pIpC injection in Mx1-Cre/Fbxw7 F/F mice and showed a more than 40-fold increase at 50 weeks after Fbxw7 deletion. In contrast, the abundance of Alb mRNA in the mutant liver at 50 weeks after pIpC injection was decreased by 40% compared with that in control liver. These changes in differentiation markers were thus consistent with a marked proliferation of the biliary system in the Fbxw7-deficient liver.
Skewed hepatic differentiation induced by Notch1 accumulation in the Fbxw7-deficient liver. The hepatic cell fate decision is thought to be largely dependent on Notch signaling (39) (40) (41) (42) (43) (44) . We therefore examined the expression of Notch, a target of Fbxw7, in the Fbxw7-deficient liver. Although immunoblot analysis did not reveal an increase in the abundance of any of the isoforms of Notch in the liver of Mx1-Cre/Fbxw7 F/F mice at either 3 or 50 weeks after Fbxw7 deletion (data not shown), confocal microscopic analysis revealed that the intracellular domain of Notch1 was highly concentrated in both the cytoplasm and the nucleus of Fbxw7-deficient liver at 3 weeks after pIpC injection ( Figure 6A ). Consistent with the observed upregulation of Notch1, the abundance of Notch1 target genes, including those for Hes1 and Hey1, was simultaneously increased in the livers of Mx1-Cre/Fbxw7 F/F mice ( Figure 6B and Supplemental Figure 5A , respectively). At 15 weeks after pIpC injection, Notch1 accumulated in the hepatocyte-like cells residing around the portal area, and these cells were reactive to antibodies to CK7 (Figure 6C ), another marker of cholangiocytes, suggesting that such cells might be in the process of transdifferentiation to the cholangiocytes by Notch activation. At 50 weeks after pIpC injection, Notch1 was observed in the form of aggregates in the Figure 4A) . The increase in Hes1 or Hey1 was not detected by immunostaining analysis at this period (Supplemental Figure 4B and Supplemental Figure  5B ), but the abundance of mRNAs for Hes1, Hey1, and Hey2 was increased in the livers of Mx1-Cre/Fbxw7 F/F mice at 50 weeks after pIpC injection ( Figure 6D ). Neither Notch2, mutations in the gene in which mutations result in Alagille disease, nor Notch3 or Notch4, the expression of both of which is increased in hepatocellular carcinoma, were detected by immunofluorescence analysis in the livers of either control or Mx1-Cre/Fbxw7 F/F mice (data not shown). However, neither the expression of Notch ligands, such as Dll-1 and Jagged-1, nor that of the Notch cofactor RBP-J in the liver appeared to be affected by the loss of Fbxw7 (Supplemental Figure 6 ). We also examined the expression of TSC1 and TSC2, given that the loss of function of either TSC1 or TSC2 is known to result in the development of hamartoma in humans. However, no difference in expression of TSC1 or TSC2 was found between Fbxw7-deficient and control mice (Supplemental Figure 6) .
To investigate whether the skewed developmental orientation toward the cholangiocyte lineage apparent in the Fbxw7-deficient liver is dependent on Notch1 accumulation, we examined the differentiation of hepatic stem cells in culture (45 Figure 7A ). In contrast, the percentage of Fbxw7 Δ/Δ cells that differentiated into the cholangiocyte lineage, characterized by expression of CK7, was markedly increased compared with that for cells of the control genotypes. To confirm these results in a quantitative manner, we performed RT and real-time PCR analysis of Alb and CK19 mRNAs. Consistent with the immunofluorescence data, the amount of CK19 mRNA was significantly increased in Fbxw7 Δ/Δ cells compared with that in Fbxw7 +/Δ cells, whereas the abundance of Alb mRNA did not differ between the 2 genotypes ( Figure 7B ).
Notch signaling is implicated in the differentiation of liver stem cells into the cholangiocyte lineage. Indeed, immunofluorescence analysis revealed that Notch1 accumulated in Fbxw7 Δ/Δ cells to a greater extent than in Fbxw7 +/Δ cells (Supplemental Figure 7) . We therefore examined whether additional ablation of the Notch cofactor RBP-J might correct the abnormal development of Fbxw7-deficient liver stem cells. We generated Fbxw7-deficient hepatic stem cells with additional deletion of either Rbpj or Myc genes and examined the level of CK19 mRNA. The abundance of CK19 mRNA was increased in Fbxw7 Δ/Δ Myc Δ/Δ cells but not in Fbxw7 Δ/Δ Rbpj Δ/Δ cells ( Figure 7B ). These results indicate that the skewed developmental orientation of hepatic stem cells to the cholangiocyte lineage is dependent on Notch1 accumulation induced by the loss of Fbxw7.
Discussion
Given that the substrates of Fbxw7 include key proteins that contribute to diverse biological processes, including the cell cycle, cell differentiation, and apoptosis, and that the binding of Fbxw7 to its substrates depends on their phosphorylation, the function of this protein is likely complex. Although much attention has focused on the relation between the accumulation of cyclin E due to loss of Fbxw7 function and tumorigenesis, Notch degradation by Fbxw7 is critical during embryogenesis, suggesting that Fbxw7 functions in development-and tissue-dependent manners. To provide insight into the physiological and pathological relevance of Fbxw7, we have induced conditional inactivation of Fbxw7 in several mouse tissues. Our previous studies have shown that ablation of Fbxw7 in hematopoietic cells or fibroblasts results in abnormalities that are mainly related to the cell cycle and apoptosis. We now show that liver-specific ablation of Fbxw7 induced fatty liver and abnormal cell differentiation, likely as a result of the accumulation of SREBPs and Notch1, respectively, as well as promoted cell proliferation (Figure 8) .
We generated 2 types of mice with liver-specific deficiency of Fbxw7 with the use of the Mx1 or Alb gene promoters to drive Cre expression. The phenotypes of Alb-Cre/Fbxw7 F/F mice are milder than those induced by acute ablation of Fbxw7 in Mx1-Cre/Fbxw7 F/F mice, probably because of the operation of compensatory mechanisms during development in the former animals. In Mx1-Cre/Fbxw7 F/F mice, it would be expected for Fbxw7 to be deleted in cells and tissues other than the liver, such as hematopoietic cells. To exclude the possibility that ablation of Fbxw7 in hematopoietic cell lineages might be responsible for steatohepatitis, we have generated Lck-Cre/Fbxw7 F/F and CD4-Cre/Fbxw7 F/F mice (in both of which Fbxw7 deletion occurs in T cells), CD19-Cre/Fbxw7 F/F mice (Fbxw7 deletion occurs in B cells), and LysMCre/Fbxw7 F/F mice (Fbxw7 deletion occurs in myeloid cells). None of these animals showed either fatty liver or hepatic inflammation (data not shown). Furthermore, Alb-Cre/Fbxw7 F/F mice manifested pronounced hepatic infiltration of inflammatory cells when they were fed an MCD diet, confirming that the steatohepatitis induced by Fbxw7 deletion is attributable to an effect that is intrinsic to the liver.
Nonalcoholic fatty liver disease (NAFLD) is a growing health concern, due to its rapidly increasing prevalence worldwide. NASH is a progressive form of NAFLD that has the potential to develop into hepatocellular carcinoma. We now show that mice with liverspecific ablation of Fbxw7 developed clinicopathologic features similar to those of NAFLD or NASH in humans, including triglyceride deposition around central veins, pericellular fibrosis, infiltration of inflammatory mononuclear cells, and the appearance of Mallory bodies in the liver as well as increases in the serum levels of ALT and AST. However, these animals were not found to develop hepatocellular carcinoma. Genetic mouse models for human NASH have been established by functional deletion of leptin (46) or its receptor (47) , phosphatase and tensin homolog (PTEN) (48) , NEMO (also known as IKK-γ) (49), interleukin-1 receptor α (50), galectin-3 (51), or retinoic acid receptor α (52). Mice transgenic for SREBP1c also manifest pronounced NASH (53) . SREBP1c is degraded in an Fbxw7-dependent manner (16), and we have now shown that it accumulated in the Fbxw7-deficient liver. These findings thus suggest that an Fbxw7-SREBP1 axis plays a key physiological role in the regulation of lipid metabolism in the liver as well as a pathological role in the development of NASH.
Whereas steatosis develops in the acute phase of liver-specific Fbxw7 deficiency, hamartoma develops in the chronic phase. Fbxw7 targets mTOR for degradation (19) . The TSC complex, consisting of TSC1 (hamartin) and TSC2 (tuberin), is the major negative regulator of mTOR, and its genetic loss results in mTOR activation and development of hamartoma in humans (54, 55) . However, the abundance of mTOR or TSC1/2 was not altered in the Fbxw7-deficient livers of mice, suggesting that the accumulation of mTOR or the loss of TSC1/2 is not responsible for hamartoma development in these animals. Microscopic examination revealed over proliferation of the biliary system in the hamartomas, suggesting that deregulated differentiation of liver stem cells into the cholangiocyte lineage might be largely responsible for hamartoma development. Liver stem cells are able to differentiate into either the hepatocyte or cholangiocyte lineages, with the Notch signaling pathway having been implicated in regulation of the cell fate decision by skewing differentiation toward the cholangiocyte lineage (41) . We have now shown that both Notch1 and its target genes were overexpressed in the Fbxw7-deficient livers of mice and that the abnormal cell differentiation induced by Fbxw7 loss was corrected by the additional loss of the Notch cofactor RBP-J. These results suggest that Notch1 accumulation as a result of Fbxw7 loss is primarily responsible for the abnormal cell differentiation in the Fbxw7-deficient mouse liver. Although the origin of hamartomas as well as the mechanism of their development in the Fbxw7-deficient liver are currently unclear, transient activation of Notch proteins as a result of Fbxw7 loss may lead to a shift in cell differentiation from hepatocytes to cholangiocytes, and the generation of such abnormally differentiated cells might confer a predisposition to hamartoma development that is realized if the cells undergo an additional gene mutation. Mice lacking both Foxa1 and Foxa2 were recently shown to display a similar liver phenotype (hyperplasia of the biliary tree) (56) . However, neither differentiation of hepatocytes nor Notch signaling were affected in Foxa1/2-deficient mice, whereas hyperactivation of Notch signaling seems to be attributable to the bile duct hamartoma in Fbxw7-deficient mice. Furthermore, proliferation of relatively small and uniform bile ducts is prominent in Foxa1/2-deficient mice, whereas the abnormal bile ducts in Fbxw7-deficient mice are large and heterogeneous in size. We therefore concluded that the mechanism underlying the development of proliferative bile ducts is likely different between these mutant mice.
Although Fbxw7 had been thought to function primarily in cell cycle control by regulating cyclin E, c-Myc, Notch, and c-Jun, the recent identification of additional substrates has suggested new cell cycle-independent roles for Fbxw7. We now provide genetic evidence that the major substrates of Fbxw7 in the liver are SREBP1 and Notch1, which accumulate in the Fbxw7-deficient liver and are responsible for liver steatosis and hamartoma development, respectively. These results contrast with our previous observations that deletion of Fbxw7 in the hematopoietic system and fibroblasts results primarily in deregulation of the cell cycle or of apoptosis due to activation of the p53-dependent checkpoint (34) (35) (36) . Why does the function of Fbxw7 differ in different tissues? We propose that the biological relevance of Fbxw7 is determined by 3 factors: (a) the expression of Fbxw7; (b) the expression and activation of protein kinases that phosphorylate the Cdc4 phosphodegron, an amino acid sequence that is recognized by Fbxw7; and (c) the expression of substrate molecules. The combination of these 3 factors may define the role of Fbxw7 in a tissue-specific manner, with the different phenotypes associated with Fbxw7 deficiency by repeated passage of the tissue through the mouth of a pipette. Human recombinant HGF (50 ng/ml, Sigma-Aldrich) and EGF (20 ng/ml, SigmaAldrich) were added to the cells at 24 hours after culture initiation. Cells were seeded at a density of 1 × 10 6 cells per well in 6-well plates for infection with retroviruses as described below (45) .
Gene deletion in cultured cells by retroviral infection. cDNA encoding Cre recombinase was subcloned into the retroviral vector pMX-puro provided by T. Kitamura (University of Tokyo, Tokyo, Japan), and the resulting construct was introduced into Plat E packaging cells (63) with the use of the FuGENE6 reagent (Roche). The resulting culture supernatants containing the recombinant ecotropic retrovirus were harvested and incubated for 24 hours in the presence of Polybrene (2 μg/ml; Sigma-Aldrich) with proliferating liver cells harboring floxed alleles of Fbxw7, Rbpj, or Myc. The cells were cultured for an additional 24 hours in virus-free medium, subjected to selection in medium containing puromycin (3 μg/ml), cultured for 96 hours in puromycin-free medium, and then harvested.
Statistics. Data are presented as mean ± SD and were analyzed using 2-tailed Student's t test. A P value of less than 0.05 was considered statistically significant.
